ABSTRACT The structure of the egg and embryonic developmental stages of glassy-winged sharpshooter, Homalodisca vitripennis (Germar) (Hemiptera: Cicadellidae), an important vector of Xylella fastidiosa are described and illustrated. This sharpshooter has narrow, ßattened elliptical eggs with the anterior end less broad and more pointed than the posterior end. The anterior portion of the egg contains a keel-shaped structure with a ridge that stretches backward for a short distance and then transforms into a groove stretching longitudinally along the ventral surface of the egg. The eggshell apparently has two layers: an outer shell layer that peels off easily when handling the egg, and an inner layer that appears intact, tightly surrounding the yolk and other liquid contents of the egg. There were six discernible stages of embryonic development (195 h at 25ЊC): an initial undifferentiated stage at 0Ð90 h, appearance of the head cap at 90Ð100 h, eye spot migration at 100Ð130 h, active physiological stage at 130Ð180 h, a head cap ballooning stage at 180Ð190 h, and emergence of the Þrst-instar nymph at 185Ð195 h. It was found that the general structure of the egg and embryonic developmental stages are similar to that of other cicadellids. However, the present work breaks down the embryonic development of leafhopper eggs into more stages than previously described. The timing of H. vitripennis embryonic developmental stages could be used to improve the design of hostÐage effect experiments aimed at developing more efÞcient rearing methods for egg parasitoids to be released for control of H. vitripennis.
of citrus at Agricultural Operations, University of California, Riverside, CA). Eggs were then immediately preserved in 80% ethanol. To prepare eggs for the scanning electron microscope (SEM), they were dried chemically via placement in two changes (45 min per change) of 100% ethanol, followed by two hexamethyldisilazane (HMDS) changes (45 min per change), and then the eggs were air-dried. Eggs were then mounted on SEM stubs and gold-coated using a Hummer V sputter coater (Technics, San Jose, CA). Eggs were viewed using a Philips XL30-FEG SEM at magniÞcations of 59ϫ and 454ϫ.
Stages of Embryonic Development. Egg masses were produced by caging H. vitripennis leafhoppers collected in early April 2003 (from the locality stated above) on potted seedlings of Lisbon lemon, Citrus limon Burm. f., and cowpea, Vigna unguiculate (L.) Walpers, in a sleeve cage at 23ЊC, 50 Ð70% RH, and a photoperiod of 24:0 (L:D) h. Plants were checked for egg masses every 3Ð 6 h. After 3Ð 6 h, plants containing fresh egg masses were removed and were replaced with uninfested plants until sufÞcient egg masses (60 egg masses on lemon and 20 egg masses on cowpea) were available for observation. Three very young (0 Ð 6-h-old) egg masses (inside excised cowpea leaves) were photographed and eggs from two egg masses were dissected out of lemon leaves using a pair of Þne forceps and were preserved in 95% ethanol as reference material. The remainder of the egg masses were incubated in situ, inside leaves intact on potted plants in a Percival growth chamber set at 25ЊC, 50 Ð 60% RH, and a photoperiod of 14:10 (L:D) h. Every 12 h after oviposition and until embryonic development was complete (with the onset of nymphal emergence), two to three incubated egg masses in lemon were removed from plants by excising leaves containing the egg masses. These egg masses were then immediately photographed, and eggs from one to two egg masses were dissected out of the leaf using a pair of Þne forceps and were preserved in 95% ethanol as reference material.
Egg masses were photographed either with the leaf epidermis intact or with the leaf epidermis covering the egg mass removed. The former method was used in the case of egg masses laid in the relatively thin cowpea leaves, with the transparent epidermis revealing details of egg morphology. The latter method was used for egg masses laid in the relatively thick citrus leaves. Here, egg morphology details were obscured by the leaf epidermis and other tissue, leading to the use of Þne forceps to remove the leaf epidermis with minimal damage and distortion of eggs. Photographs were taken of whole egg masses, and close-ups were taken of portions of egg masses, of two adjacent eggs, and of parts of single eggs. All images were taken using a Nikon CoolPix 990 digital camera mounted on a Zeiss stereomicroscope. Images stored on the cameraÕs ßash card were later transferred to a computer as jpg Þles. Photographs were cross-referenced to ascertain the age of eggs at the time of imaging. Features of the eggs at different stages of embryonic development were noted from direct observations in real time, from preserved eggs, and/or from the images taken.
Results
Preoviposition Morphology of Eggs. SEM images ( Fig. 1A and B) show the eggs of H. vitripennis as ßattened, cigar-shaped bodies with the anterior end less broad and more pointed than the posterior end. The pointed end of the egg has a keel shape (as in the front of a boat or ship) with a ridge that stretches backwards for a short distance and then transforms into a groove stretching longitudinally, along the ventral surface of the egg (Fig. 1A) . The eggshell apparently has two layers (Fig. 1B) . The outer shell layer seems to peel easily off the egg, whereas the inner layer appears intact, tightly surrounding the yolk and other liquid contents of the egg. The two layers could be discerned without the high magniÞcation of the SEM when dissecting eggs out of plant tissue and carefully handling the eggshell with Þne forceps. Ripple-shaped patterns on the surface of the inner shell layer also were observed (Fig. 1B) .
Stages of Embryonic Development. Embryonic development in H. vitripennis consisted of six stages that can be discerned with the aid of a standard dissecting microscope. There was an initial undifferentiated stage ( Fig. 2A) that was followed by the appearance of the head cap (Fig. 2B ) and then the eye spot migration stage (Fig. 2C) , the active physiological stage (Fig. 2D) , the head cap ballooning stage (Fig.  2E) , and Þnally the emergence of the fully developed Þrst instar (Fig. 2F) . The following is a detailed description of each of the six stages of embryonic development and its duration at 25ЊC (Table 1) .
1. Undifferentiated Stage (Fig. 2A) . This was the longest of the six developmental stages, lasting from oviposition until Ϸ90 h. The egg is a uniform opaque, white-yellowish color with no distinctive structures apparent.
2. Appearance of the Head Cap (Fig. 2B ). This stage was accompanied by rapid changes in the texture and structure of the egg. There was a noticeable plump appearance of the egg unlike the less inßated form of the egg in the previous stage. Head cap appearance began with the formation of clear regions within the previously uniformly, opaque white egg. This occurred Ϸ90 Ð95 h postoviposition. After this, a white head cap rapidly appeared on the anterior end of the egg at Ϸ95Ð100 h postoviposition. The head cap was dome-shaped with the apex of the dome facing toward the oviposition scar.
3. Eye Spot Migration Stage (Fig. 2C) . Immediately after the previous stage, a small, faint reddish spot developed close to the center of the egg. From Ϸ100 Ð 130 h postoviposition, this spot enlarged and drifted anteriorly until it was situated at a position where the compound eyes would later be found on the emerging Þrst-instar nymph.
4. Active Physiological Stage (Fig. 2D) . From Ϸ130 to 180 h postoviposition, the eye spot continued to enlarge and darken to a dark, red-brown. In addition, other major external nymphal structures, such as the head, mouthparts, and legs started to be visible. Concurrently, internal physiological activity could be observed. This was exempliÞed by the appearance of a yellowish mass, most likely a fat body, located in the posterior half of the egg and by the anterior pumping action of the dorsal heart vessel, which tended to cause the eye spot to move in synchrony with the wave caused by the heart beat. The body of the developing embryo was oriented laterally, with its lateral surface parallel to the surface of the leaf. This typically resulted in the eye spots of all or most eggs in an egg mass being lined up, with one eye spot visible per egg. (Fig. 2E) . Between Ϸ180 and 190 h postoviposition, Ϸ3Ð7 h before the emergence of the Þrst-instar nymph, the head cap region, which had been opaque-white, expanded in size with a simultaneous conversion of the whitish material in the head cap into a transparent, shiny, and approximately spherical head. This enlargement in the size of the head pushed against the leafÕs epidermal wall, causing it to rupture, producing an opening through which the Þrst-instar nymph would later emerge. This was accompanied by an apparent reorientation of the body so that the lateral orientation of the embryo described above, changed into a normal dorsal-ventral orientation with the legs facing toward the plant tissue and the dorsal area of the head facing upward away from the leaf surface.
Head Cap Ballooning Stage
6. Emergence of the First-Instar Nymph (Fig. 2F) . Between Ϸ185 and 195 h postoviposition, and within Ϸ2Ð 4 h of the complete formation of the balloonshaped head and rupturing of the epidermal skin of the leaf, emergence commenced when peristaltic pulsations throughout the body of the fully developed embryo pushed it out of the egg, initially slowly and then more rapidly. There was a tendency for the direction of emergence to be at an Ϸ45Њ angle to the leaf surface. As the tip of the abdomen of the nymph emerged completely out of the egg chorion, the previously folded legs extended to support the body as it moved downward. This was followed by the nymph pulling its abdominal tip out of the remnants of the chorion, leaving a mass of nipple-shaped or semitriangular white tissue protruding externally out of the remnants of the chorion. After freeing itself completely from the egg, the pale, unmelanized nymph rested to allow the integument to Powers (1973) for Homalodisca liturata Ball, by Pollard (1965) for Homalodisca insolita (Walker), and by Swain (1936) for Oncometopia undata F., which the latter author described as long and cylindrical. H. vitripennis eggs examined in this study were relatively pointed on the anterior end (where the head of the embryo develops) and relatively rounded on the opposite end, as similarly described by Valley and Wheeler (1985) for eggs of three leafhopper (Cicadellidae) species [Macropsis fumipennis (Gillette & Baker), Stragania apicalis (Osborn & Ball), and Orientus ishidae (Matsumura)]. The typical structure for undeveloped eggs of many insects as reviewed by Chapman (1998), consist of cytoplasm and yolk enclosed by a shell, which itself is composed of an inner vitteline envelope surrounded by one to two layers of chorion: an endochorion and an exochorion. The double-layered eggshell of H. vitripennis described above indicates that this species either has two chorion layers or that the two layers observed were the chorion and the vitteline membrane. In many insects, the external surface of the chorion is sculptured with designs depicting the shape of the follicle cells that produced the chorion in the ovaries (Hinton 1981 , Chapman 1998 . The external surface of the chorion of H. vitripennis is apparently smooth and lacks any distinctive sculpturing. This lack of an external pattern seems to be typical of Cicadellidae and other nonheteropteran hemipteran groups, which Hinton (1981) described as having eggs with a simple chorion. Valley and Wheeler (1985) also described the eggs of the leafhoppers they studied (see above) as having a smooth and shiny chorion. Raine (1960) described the chorion of the eggs of the bramble leafhopper, Ribautiana tenerrima (Herrich-Schäf-fer), as being smooth and lacking reticulation.
Embryonic Development and Biochemical Activity. According to Byrne and Toscano (2006) , esterase activity (as shown by number of bands and band intensity in polyacrymide gels) in H. vitripennis eggs increased with age. This increase was observed to some degree in the transition from 2-to 3-d-old eggs, but it was more evident in the transition between 5-and 6-d-old eggs. These two transitions correspond to a good degree with the stages reported in the current study. The change in esterase proÞles in the transition between day 2 and day 3 corresponded with movement from the undifferentiated stage of development where little esterase activity is expected, to the higher esterase activity when differentiation of the head cap and other tissues commences. Although this transition was not visually detected in the current study until toward the second half of day 4 of embryonic development at 25ЊC, biochemical changes indicated by esterase activity could have been effected earlier. Regarding the day 5 to day 6 transition, this evidently indicates movement to the much higher biochemical activity of the "active physiological stage" (stage 4; see above), which was observed in the current study from the second half of day 6 onward.
Katatrepsis or Blastokinesis? Chapman (1998) described two processes that involve movement of the embryo within the eggs of hemimetabolous insects. First, there is an early alignment of the embryo with the head region facing the posterior pole of the egg and the embryo as a whole, lying close to the dorsal surface of the egg. This is termed anatrepsis and is known to occur in Hemiptera as well as most Orthoptera, Ephemeroptera, and Odonata. Second, there is a later 180Њ reversal of the alignment of the embryo so that the head region ends up facing the anterior side of the egg and the body of the embryo lies close to the ventral side of the egg. This active reversal movement is termed katatrepsis and is common in many hemimetabolous insects. Both anatrepsis and katatrepsis are known as blastokinesis, although some workers, according to Chapman (1998), restrict the term blastokinesis to katatrepsis only (e.g., Hirumi and Maramorosch 1964) .
There is little information in the literature regarding stages and processes of embryonic development of leafhoppers. In comparison with the six developmental stages described for H. vitripennis in the present article, Hirumi and Maramorosch (1964) described only three developmental stages for the leafhopper Macrosteles fascifrons Stål, at a constant temperature of 25ЊC. There is an early stage lasting from 0 to 5 d postoviposition, an intermediate blastokinetic movement stage during day 7 and 8, and a late developmental stage, 10 Ð11 d after oviposition. According to these authors, eye spots were not visible until day 7 when a "slightly pigmented eye disc" occurred in the posterior end of the egg. This was followed by a gradual movement of the eye spot or disc to the anterior side of the egg.
The description of eye spot movement by Hirumi and Maramorosch (1964) , and ChapmanÕs review of blastokinesis, are helpful in interpreting eye spot migration in the eggs of H. vitripennis in the current study. It is possible that when the eye disc starts developing during the early stage of katatrepsis, it is still lightly pigmented and possibly facing the side of the egg facing away from the leaf epidermis. It is reasonable to deduce from the aforementioned studies that this early stage of katatrepsis in H. vitripennis corresponds with the "appearance of the head cap" in the current study. As katatrepsis gains momentum and the eye spot develops further, the eye spot may become visible as the embryo turns its head around and moves toward the anterior end of the egg. As the head region reaches a central position along the longitudinal axis of the egg, it could be close enough to the side of the egg facing toward the leaf epidermis for the more developed eye spot to Þrst become apparent to the observer. The faint eye spot of H. vitripennis may have occurred Þrst at the posterior end of the egg but was too faint and facing toward the interior of the egg and thus could not be observed before it reached the central region of the egg, an event described in the current study as the "eye spot migration" stage. The larger and thicker egg of H. vitripennis in comparison with M. fascifrons (Hirumi and Maramorosch 1964) could have made it more difÞcult to initially observe the faint eye spot at the posterior end of the egg in the former. It is also possible that there is some inherent difference in the embryonic development between M. fascifrons and H. vitripennis in terms of when and where the eye spot develops.
The timing of katatrepsis or blastokinesis (sensu stricto) was reviewed for Locusta sp. by Chapman (1998), who indicated that this stage occurred at Ϸ50% of egg development. For leafhoppers, katatrepsis commenced at Ϸ64 and 69% of total egg development, respectively, in M. fascifrons (Hirumi and Maramorosch 1964) and Empoasca fabae (Harris) (Hoffman et al. 1990 ). The current study with H. vitripennis suggests that katatrepsis commences at Ϸ51% of total egg development (Table 1) , which Þts well with the apparently more detailed data for Locusta sp. (Chapman 1998).
Head Cap versus Operculum. Culliney (1998) described and illustrated a whitish structure, which he referred to as the operculum, on the anterior end of the eggs of the leafhopper Sophonia rufofascia (Kuoh & Kuoh). A very similar structure in H. vitripennis, referred to in the current study as the white head cap, transforms along with the head into a balloon-like structure that assists the Þrst-instar nymph in breaking out of the egg chorion and leaf epidermis. A review of the literature reveals that the term operculum describes a cap-like structure that ßips open at speciÞc hatch lines due to mechanical pressure and enzymes produced by emerging Þrst instars in some insect groups such as Embiidina, Phasmatodea, Phthiraptera, Fulgoroidea (planthoppers), Heteroptera, and some Chrysomelidae (Hinton 1981 , Chapman 1998 ). This cap is part of the chorion and is present throughout egg development from the time of oviposition through hatching. Thus, the structure referred to as an operculum by Culliney (1998) (the white head cap of H. vitripennis) is probably not an operculum, because this structure is not observed in freshly laid eggs and disappears during the head ballooning stage just hours before emergence. This assertion is supported by Raine (1960) who described the life stages of the leafhopper Ribautiana tenerrima Stål and mentioned an opaque vesicle Þlled with ßuid at the narrow, anterior end of the egg between the embryonic envelope and the head of the embryo. He stated that this vesicular structure develops "as the embryo forms," which indicates that it did not exist when the egg was laid. He also illustrated a hatching egg with this vesicle depicted with expanding lines, suggesting that it was expanding in size. Thus, most probably Raine (1960) and Culliney (1998) were referring to the same structure, the white head cap, described here for H. vitripennis.
The Embryonic Cuticle. The presence of a mass of white tissue protruding out of the egg shell of H. vitripennis, separate from remnants of the chorion inside the eggshell probably indicates that this white mass of tissue could be the embryonic cuticle described by Lucchi (1994) for the ßatid Metcalfa pruinosa (Say) (Fulgoroidea) that sheds its embryonic cuticle outside the egg in contrast to heteropterans that shed their cuticle inside the egg shell. Chapman (1998) also described the presence of the embryonic cuticle in the Heteroptera and Acrididae. He stated that the embryonic cuticle was shed during or immediately after hatching.
Practical Implications. This study of the embryonic development of H. vitripennis has provided time and heat unit-deÞned developmental stages that can be useful for researchers who need a tool to age egg masses collected in the Þeld or egg masses of unknown age produced in the laboratory. One application of data from the current study is toward research into compounds having lethal or growth modifying effects on leafhopper eggs. A recent study of this nature was conducted by Prabhaker and Toscano (2007) , who reported that pyriproxyfen, an insect growth regulator, generally caused higher mortality to 1Ð2-d-old eggs than to 3Ð5-d-old eggs of H. vitripennis. The greater effect of pyriproxyfen on 1Ð2-d-old eggs could be explained by the yet undifferentiated state of the eggs at this age, possibly allowing absorbed compounds to more profoundly affect physiological activity. Interpretation of experimental results by Prabhaker and Toscano (2007) might have beneÞted from the more precise and biologically based aging of H. vitripennis eggs outlined in the current study.
A second utility of data from the current study deals with biological control research needed to decipher the effect of host egg age on the performance of various egg parasitoids. Biological control workers could use descriptions of the embryonic stages listed in this study to help explain variation in adult parasitoid preference for different egg masses and resultant differential survival of parasitoid progeny. More practically, knowledge of the stages of embryonic development of H. vitripennis could assist in the selection of more precise host ages (measured in hours rather than days) to be used as targets for mass-reared egg parasitoids. We expect this might lead to an increase in the rate of parasitism, survival, and Þtness of the parasitoid progeny and possibly to a more female-biased sex ratio.
Data from Irvin et al. (2002) , Hoddle (2005a, 2005b) , and Irvin et al. (2006) seem to indicate that parasitism of H. vitripennis eggs (measured as full or near full development of parasitoid progeny at 25ЊC) by Gonatocerus ashmeadi Girault and Gonatocerus triguttatus Girault was higher for host egg ages of 1Ð 4 d versus older eggs (5Ð10 d). Maximum parasitism was associated with 3-and 4-d-old host eggs, for G. ashmeadi and G. triguttatus, respectively. The higher success of parasitism in younger host eggs could be explained by the fact that until day 4 (at 25ЊC), H. vitripennis eggs are undifferentiated, and physiological activity is relatively low (Byrne and Toscano 2006). Thus, development of eggs and larvae of the two parasitoid species would proceed unhindered due to a lack of tissues and organs that might interfere with their development. However, higher parasitism rates for the intermediate host egg ages of 3 and 4 d Hoddle 2005a, 2005b) could be explained by the ability of larvae of G. ashmeadi and G. triguttatus to use some metabolic product during the early differentiation phase of the host egg, which translates into higher chances of success in development to the adult or pupal stage. However, we note that the Þndings by the Irvin research group do not agree with the work by Chen et al. (2006) who reported that parasitism of H. vitripennis eggs by G. ashmeadi was not signiÞcantly affected by varying host age treatments (1, 3, 5, 7, and 9 d old at 22ЊC).
Surprisingly high parasitism rates for host ages at advanced stages of development were reported by Hoddle (2005a, 2005b) and Chen et al. (2006) . Such data pose the question whether G. ashmeadi and G. triguttatus are truly capable of successfully developing in differentiated tissues of H. vitripennis embryos with organs already well developed (6 Ð 8 d of age in the current study at 25ЊC) or whether an inherently high proportion of undeveloped (undifferentiated) eggs was present in their studies, even though the eggs were advanced in age. Four to 8% of Þeld-laid eggs and 6 Ð20% of laboratory-laid eggs (at Þve different temperature treatments of 16.7Ð35ЊC) of Homalodisca spp. were undeveloped (Al-Wahaibi 2004) . It is possible that older host egg masses used by Hoddle (2005a, 2005b) and Chen et al. (2006) may have contained relatively high proportions of undeveloped or partially developed host eggs. In fact Irvin and Hoddle (2005a) reported that nonparasitic mortality accounted for 13Ð31% of total mortality in 6 Ð 8 old (at 25ЊC) unparasitized eggs of H. vitripennis. These could have resulted from effects of the experimental host plant or experimental conditions (Al-Wahaibi 2004) . Unless parasitoids are exposed to eggs of known physiological status (such as elucidated in this experiment) and marked as such in an egg mass, it would be difÞcult to correctly interpret the results of parasitism studies by using egg masses of different ages. The ability of G. ashmeadi and G. triguttatus to use well developed eggs of H. vitripennis also can be explained by the large mandibles and motility of their Þrst-instar larvae (Irvin et al. 2006 , Chen et al. 2006 , which may help them macerate developed embryonic tissue.
It would be interesting to repeat the above-mentioned experiments by offering egg parasitoids of H. vitripennis host eggs age-grouped by the developmental stages elucidated in the current study. It also would be interesting to investigate the mechanisms that allow G. ashmeadi, G. triguttattus, and other mymarids to successfully use hosts that are at an advanced stage of egg development (Whalley 1969; Chantarasa-ard et al. 1984; Waloff and Jervis 1987; Miura and Yano 1988; Cronin and Strong 1990; Al-Wahaibi 1996; Hoddle 2005a, 2005b; Chen et al. 2006) . Such future studies may beneÞt from using the embryonic stages of egg development that are deÞned on a heat unit basis herein (Table 1) .
